Abstract -In this work, the plasmonic version of a 3D chiral meta-atom which consists of a loop-wire structure, or the so-called twisted omega particle, is experimentally and theoretically studied. The metallic wire of finite length supports an electric dipole, whereas the loop acts as a split-ring resonator which exhibits a magnetic dipole resonance, leading to the separation of right-handed circularly polarized light and the left-handed one. 3D Direct Laser Writing in combination with subsequent electroless silver plating is employed for the fabrication of such 3D chiral meta-atoms with feature sizes below the diffraction limit.
I. INTRODUCTION
Chiral plasmonic metamaterials have offered the possibility for the creation of artificial chiral molecules, which show unprecedented large chiral optical responses such as optical rotatory dispersion (ORD) and strong circular dichroism (CD). In chiral media, optical activity is a result of the coupling between electric and magnetic fields. Two classical approaches have been proposed to model the mechanisms of optical activity; a) the coupled oscillator model system, where optical activity arises from the coupling of two separate, noncollinear oscillators, and b) the one-electron model system, where an electron is bound on a helix, giving electric and magnetic character to the optical transitions.
Recently, the plasmonic analog of the coupled oscillator model system, which consists of a system of two corner-stacked gold nanorods, was experimentally demonstrated [1] . This system resembles two coupled, vertically displaced electrons that carry out orthogonal harmonic oscillation driven by an external light field. In this work, we experimentally and theoretically study the plasmonic version of the one-electron model system, which comprises a loop-wire structure, namely the so-called "twisted omega particle". In this case, the 3D plasmonic meta-atom combines a small electric dipole antenna (the metallic wire) and a split ring resonator (the loop) which exhibits a magnetic dipole resonance, leading to a different electromagnetic response to righthanded circularly polarized light (RCP) and the left-handed one (LCP) [2] .
II. 3D STRUCTURE FABRICATION
For the realization of 3D chiral architectures proposed in this research, 3D Direct Laser Writing (DLW) by two-photon absorption is utilized in combination with electroless silver plating. This approach is based on DLW into a negative tone photoresist, where the dielectric template is coated with a conformal metal film [3] - [5] . In our case, the silver plating is achieved by incorporating metal binding monomers in the negative tone resin employed.
Direct Laser Writing by two-photon polymerization of photosensitive materials has emerged as a very promising technique for the rapid and flexible fabrication of 3D micro-nanostructures for microfluidic, biomedical, and photonic applications. In two-photon polymerization, the polymerization process is due to nonlinear absorption within the focal volume initiated by a tightly focused ultrafast laser beam. By moving the focus of the beam three dimensionally, arbitrary 3D structures can be written into the volume of a photosensitive material. Employing laser intensities that are only slightly above the nonlinear polymerization threshold, structures with sub-micron resolution can be fabricated.
In this work, the material employed for the preparation of the polymer templates is an organic-inorganic zirconium-silicon hybrid material doped with the quencher 2-(dimethylamino)ethyl methacrylate (DMAEMA). The latter offers the possibility to selectively metalize these structures, as it incorporates covalently bound metalbinding groups in the macro-polymer backbone [4] - [5] . In addition, this photo-polymerizable amine-based monomer increases the resolution without compromising the mechanical stability of the structures as it becomes part of the polymer backbone upon fabrication [6] . 
III. RESULTS
Utilizing the above fabrication procedure by combining DLW with subsequent electroless silver plating [4] - [5] , we are able to fabricate high resolution silver plated twisted omega particles with loop-radius = 325nm = wire length. In Fig. 1 , the dielectric template of the fabricated twisted omega particles prior to silver plating is shown, whereas in Fig. 2 , the silver electroless plated particles are clearly demonstrated. Fig. 2 . Electroless silver plated twisted omega particles: a) overview of a 1.5 microns x 1.5 microns array of loop-wire metaatoms with loop-radius = 325nm = wire length, b) single twisted omega particle.
FTIR spectroscopy was employed to electromagnetically characterize the fabricated structures in the spectral region from 2.5 microns to 6.5 microns. Transmission measurements were carried out at normal incidence through an array of twisted omega particles with a footprint of 40 microns x 40 microns and with a periodicity of 1.5 microns. As shown in Fig. 3a, a clear [5] . A single unit cell is considered with periodic boundary conditions along the x-and y-directions, while an incident plane wave propagating along the z-direction is used to excite the structure. 
IV. CONCLUSION
In conclusion, we have combined Direct Laser Writing and subsequent electroless silver plating to experimentally and theoretically study the plasmonic version of a 3D chiral meta-atom which consists of a loopwire structure, namely the so-called "twisted omega particle". FTIR spectroscopy was employed to electromagnetically characterize the fabricated structures for circularly polarized waves, demonstrating strong differential circular polarization response in the IR region in accordance with theoretical predictions.
